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A small artificial wetland was constructed through
which intake water flowed before entering the initial
pond of a solar saltworks. This trial wetland was
designed for the removal of excessive nutrients from
the water as the system is becoming hypertrophic.
Spartina maritima (Curtis) Fernald was the dominant
halophytic grass used in the wetland and Ulva rigida C.
Agardh the dominant macroalga. The nutrient content of
the inflow and outflow water of the wetland was moni-
tored for eight months after construction. For seven out
of nine analyses, the ammonium concentrations of
water flowing out of the wetland were significantly
reduced (by an average of 56%) when compared to
those measured in water flowing into the wetland.
Nitrate and phosphate concentrations for eight out of
nine analyses also showed significant reductions (by
60% and 56% respectively). The success of this wetland
indicates that it can be an effective management tool for
nutrient reduction in solar saltworks.
Efficient and continuous production of high quality salt is the
goal envisaged by every solar saltworks. A solar saltworks is
a series of ponds through which seawater flows, evaporates
and eventually precipitates NaCl in the last ponds of the sys-
tem. Investigations in the 1970s (Davis 1974, 1976) demon-
strated that organisms thriving in solar salt pond systems
influence the yield and quality of harvestable salt (Javor
1983).
However, both new and well-established solar saltworks
may experience difficulties that result in the production of
salt at quantities lower than design capacity or of reduced
quality. Saltworks near growing human or domestic animal
populations, fertilised agricultural lands and river discharges
often have intake water with concentrations of nutrients
excessively elevated over the requirements of organisms in
the ponds that aid salt production (Davis 1993).
Wetland plants (halophylic grasses, shrubs, rushes and
associated periphytic algae) rapidly remove nutrients from
water (Moss 1988). In the natural environment, wetlands
containing these plants act as nutrient sinks and are used for
water purification in artificial wastewater treatment systems
(Brix 1993). Reductions of up to 96% for ammonium and
82% for phosphate have been reported for freshwater sys-
tems (Liu et al. 2000). The use of artificial wetlands in ame-
lioration of high inorganic nutrient loading has been exten-
sively demonstrated for freshwater systems (Pinney et al.
2000, Srinivasan et al. 2000).
The rates of decomposition and mineralisation of large
quantities of organic matter produced by primary producers
within the wetlands are significantly reduced under anaero-
bic conditions and organic matter tends to accumulate on
the sediment surface. The layers of litter overlying the sedi-
ments, as well as the emergent plants, provide an extensive
surface area for attached microbial growth. Consequently,
wetlands have high potential to accumulate and transform
organic material and nutrients (Brix 1993).
Research by Davis (1976, 1980), Sammy (1985) and
Sorgeloos (1988) on biological aspects of salt production
makes no mention of artificial wetlands and their use in salt-
works systems. To the knowledge of authors well versed in
biological aspects of saltworks (JS Davis, University of
Florida, pers. comm.) an artificial wetland established within
a saltworks with the specific aim of reducing the nutrient
concentration in the intake water has not yet been con-
structed and an extensive literature search on biological
management of solar saltworks failed to yield a paper report-
ing on the use of an artificial wetland in association with
solar saltworks.
Enclosed embayments, such as salt ponds, are highly
susceptible to hypertrophication because they are poorly
flushed, often stratified, and shallow enough that turbidity is
not likely to limit the growth of benthic plants. The excessive
growth of marine macroalgae and other plants in solar salt-
works is indicative of such hypertrophication.
The principal aim of this study was to examine the suc-
cess of a trial-scale artificial wetland at reducing the nutrient
load to a solar saltworks.
Introduction
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Materials and Methods
An experimental wetland was constructed within the initial
pond of a saltworks located near Port Elizabeth, South Africa
on 10 February 1998. The ponds of the saltworks are bound-
ed by a large informal housing settlement from which the
majority of the nutrients are derived. The area allocated for
the wetland was isolated from the main water body by dykes
of soil and sandbags.
The floor of the wetland was raised approximately 300mm
with sandy soil and then compacted. The Spartina maritima
section of the wetland was 30m by 12m, with the base of the
wetland 100mm to 200mm below the surface of the water.
The base was also made to undulate, creating shallow and
deep sections, thereby promoting mixing. An initial pool
(25m long, 10m wide and 1m deep) situated directly below
the inflow pipe reduced the velocity of the incoming water.
Macroalgal species, including Ulva rigida, Enteromorpha
intestinalis (L.) Link and Enteromorpha flexuosa (Wulfen) J.
Agardh, colonised in this section naturally.
A variety of wetland plants, including Spartina maritima,
Sarcocornia decumbens (Tölken) AJ Scott and Suaeda fru-
ticosa (L.) Forssk. were selected to create the wetland.
Sarcocornia decumbens and Suaeda fruticosa were planted
on the banks of the wetland to stabilise them. The dominant
species, Spartina maritima, was transplanted from the banks
of a nearby estuary in sods of approximately 250mm x
250mm and planted into the section of the wetland that was
flooded. The soil into which the plant was rooted was also
removed to a depth of about 300mm.
Water depth in the wetland varied from 20mm during no-
flow conditions to 200mm during maximum flow. Seawater
was pumped at 1.6Ml h-1 (the capacity of the pump) for
duration that varied depending on the weather conditions:
18h day-1 on a hot summer day, with an average of 8h day-1
on sunny winter days. No pumping occurred during and after
rain. The pumping regime used in the general management
of the saltworks was used for this trial wetland.
Approximately 10% of the total flow passed through the arti-
ficial wetland during pumping. The balance of the water fed
directly into the initial pan. The residence time of water in the
wetland during pumping was approximately 2h.
Water nutrient concentrations measured were ammonium,
nitrate, nitrite and phosphate. The technique used to analyse
ammonium was a sensitive modification (Strickland and
Parsons 1972) of the phenol-hypochlorite method of
Solórzano (1969). Nitrate was measured by reduction to
NO2
- by copper sulphate-treated cadmium granules. Nitrite
was determined according to the method described by Bate
and Heelas (1975). The total inorganic nitrogen consisted of
a summation of ammonium and nitrate concentrations
because nitrite concentrations remained indistinguishable
from a blank throughout the study. The method of Strickland
and Parsons (1972) was used to determine phosphate (sol-
uble reactive phosphorus) in the water.
In all cases, when comparing nutrient concentrations of
the inflow and outflow water, five water samples were taken
15 minutes apart at the inlet pipe (a point source) and five
water samples were taken from each of five positions of dis-
charge into the initial pond (outlet samples).
Student’s t-tests (using FigP ver. 2.5, Biosoft) were done
to determine whether significant reductions in nutrient con-
centrations occurred in the outlet water compared to water
in the inlet pipe. The Student’s t-tests used equal variances
because no significant differences in variances were found
using Fisher’s F-test.
Epiphytic diatom samples were scraped from Spartina
maritima leaves. Diatom frustules were cleaned by digestion
in 50% nitric acid (conc.) whereafter samples were exam-
ined using a Philips XL-30 SEM and dominant species
recorded. Ordination of the dominant species was done
using detrended correspondence analysis by CANOCO (Ter
Braak 1987) to show community changes.
Results
About 90% of the transplanted Spartina maritima, as well as
Sarcocornia decumbens and Suaeda fruticosa survived.
Once flooded, the rapid colonisation of bare soil by pio-
neer macroalgae resulted in the establishment of the initial
section of the artificial wetland. Micro- and macroalgal
species present in the initial compartment of the wetland
supported a variety of small fish, crabs, isopods, and crus-
taceans that in turn attracted birds. The dominant algal
species was Ulva rigida, a rapid-growing pioneer species.
Two months after planting, the leaf and stem surfaces of
Spartina maritima had an epiphytic diatom composition that
remained relatively unchanged thereafter (Figure 1). The
pioneer community only lasted for the first two months
(Figure 1).
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Figure 1: Ordination analysis of the dominant epiphytic diatoms
found on Spartina maritima planted into an artificial wetland.
Sample codes are as follows: A = 7 March; B = 10 April; C = 14 May;
D = 9 June; E = 2 July; F = 21 July; G = 4 August; H = 27 August; I
= 5 September 1998. Not all samples have been labelled. A and B
are open circles and the remainder are grey squares
453
When comparing ammonium concentrations at the outlet
of the wetland with those taken at the inlet, seven of the nine
samples taken after construction of the wetland (Figure 2)
showed a significant reduction in ammonium concentration
(P<0.005; d.f. = 8). All ammonium concentrations at the out-
let were below 14μM, except for the sample taken on 10
April. Ammonium concentrations at the inlet reached in
excess of 30μM. Although ammonium concentrations of the
inlet and outlet water were comparatively high for the sam-
ple taken on 10 April, the wetland was still ‘young’. A signifi-
cant reduction was recorded for all the subsequent samples
when the inlet concentration exceeded 10μM. On average
the wetland decreased ammonium concentrations by 56% ±
12% S.E. (Table 1). 
Eight out of the nine analyses showed a significant (all
P<0.005; d.f. = 8) reduction in nitrate concentration (Figure
3). The nitrate concentrations for one sample (taken on 10
April) were not significantly altered by the wetland, but the
inlet concentrations on that occasion were comparatively
low (a mean of 9.7μM; Figure 3). The wetland decreased the
nitrate concentrations by an average of 60% ± 8% S.E.
(Table 1). Although inlet nitrate concentrations were highly
variable, outlet concentrations were consistently below 20μM.
Overall, concentrations of total inorganic nitrogen (Figure
4) were significantly decreased by the wetland (all P<0.005;
d.f. = 9). 
Inlet water contained soluble reactive phosphorus at con-
centrations between 0.3μM and 9.5μM (Figure 5).
Nevertheless a 65% ± 7% S.E. reduction occurred for sam-
ples taken after May, from a mean of 4.35μM to 1.48μM.
Significant (all P<0.001; d.f. = 4) reductions in phosphate
concentrations were recorded on 10 April and from 9 June
onwards (Figure 5).
Discussion
The formal concept of treating wastewater in constructed
wetlands was developed in Germany in the 1970s (Brix
1993) and the application of artificial wetlands has become
common in freshwater systems (Koottatep and Polprasert
1997, Cottingham et al. 1999, Finlayson et al. 1999, Mars et
al. 1999, Wood et al. 1999, Liu et al. 2000, McBride and
Tanner 2000, Newman et al. 2000, Pinney et al. 2000, Reilly
et al. 2000, Srinivasan et al. 2000, Casey and Klaine 2001,
Hunter et al. 2001, Lim et al. 2001, Shutes 2001, Wu et al.
2001, Vaillant et al. 2002).
The saline artificial wetland constructed for this study was a
multistage system consisting of a combination of submerged
plants (with their algal epiphytes) and attached algae. The
halophylic grass, Spartina maritima, replaced the freshwater
Phragmites australis (Cav.) Steud. Marine chlorophytes, dom-
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Figure 2: The ammonium concentrations of water sampled before
and after flowing through an artificial wetland at the inlet of a solar
saltworks (n = 5, bars represent + 1 S.E.)
Table 1: Reduction of nutrients by an artificial wetland installed at
the inlet of a solar saltworks. Reduction is expressed as a percent-
age decrease of the respective nutrients when comparing water
flowing in and out of the marsh. An average of five replicates was
used and a ‘+’ indicates nutrient increase
Sample date Ammonium Nitrate Phosphate
(% reduction) (% reduction) (% reduction)
7 March -57.6 -53.7 -28.5
10 April -29.9 -25.2 -85.9
14 May -21.4 -36.4 + 0.8
9 June + 7.4 -45.3 -89.1
2 July -79.9 -88.3 -58.2
21 July -57.9 -89.6 -69.7
4 August -84.2 -59.8 -48.1
27 August -86.7 -79.3 -79.7
5 September -95.6 -65.4 -45.8
Average -56.2 -60.3 -56.0
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Figure 3: The nitrate concentrations of water sampled before and
after flowing through an artificial wetland at the inlet of a solar salt-
works (n = 5, bars represent + 1 S.E.)
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inated by Ulva rigida proved to be successful free floating
algae and the algal epiphytic component stabilised within two
months of transplanting of the grass (Figure 1).
The chequered pattern in which the Spartina maritima was
laid allows for lateral growth, promoting nutrient uptake while
the grass spreads into adjacent squares. Once the squares
between these plugs become filled, removal of strips of veg-
etation perpendicular to water flow would benefit the overall
productivity of the wetland, preventing the grass from
becoming moribund, and enabling the remaining plants to
spread into the newly cleared areas. The removed vegeta-
tion could form the base stock for extension of the wetland.
Koottatep and Polprasert (1997) showed that optimum
removal of nutrients could be achieved by harvesting grass
every 8 weeks from a freshwater artificial wetland in the trop-
ics. They found that almost half of the nutrients removed
from the water could be accounted for by grass uptake. In
the temperate climate and saline water, growth rates are
expected to be slower and harvesting would not be required
so frequently. The fact that nutrient removal was not declin-
ing after seven months by this trial wetland indicates that
harvesting to maintain the ameliorating action of the wetland
will probably not be required before the wetland is one year
old. Declining efficiency of nutrient removal in a mature arti-
ficial wetland may worsen to eventually becoming a nutrient
source, e.g. ammonium concentrations have been shown to
be increased by a senescent wetland (Newman et al. 2000)
and so annual harvesting is recommended.
Pierce (1982) showed that Spartina alterniflora Loisel.
transplants of 1m spacing along the east coast of North
America took only two seasons to achieve complete cover.
Closer spacing of plants (about 300mm apart) should result
in lateral spreading to complete cover of the Spartina mariti-
ma within a year of construction. These factors (viz. that the
grass grows rapidly, both upwards and laterally) demon-
strate that S. maritima is a suitable dominant for the exten-
sion of the wetland.
In the event of the wetland being extended to full opera-
tional size, a similar layout of the Spartina maritima to that
already used would be logistically and functionally effective.
Logistically, because planting in a chequered pattern
reduces the number of plants required compared to planting
the entire area. Functionally, because the plants in each plug
would grow more rapidly if not enclosed by surrounding
plants.
The results of this study showed that the wetland signifi-
cantly reduced nutrient concentrations of the water. After four
months, an average reduction of 80% ± 6% S.E. in ammoni-
um was recorded, indicating that once the wetland had sta-
bilised, it began to operate at a high level of efficiency.
Concentrations of 15μM of ammonium in the initial ponds of a
nutrient-rich solar saltworks (Davis and Giordano 1996) are
comparable to the 18μM ammonium concentration of inlet
water measured in this study (the mean ammonium concen-
tration of the outlet water was 7μM). A 56% mean reduction of
ammonium concentrations was recorded after the construc-
tion of the wetland. Mean reductions of water nitrate (60%)
and phosphate (56%) concentration were similar to a sample
survey of 21 Danish wetlands (Schierup and Brix 1990).
Significant reduction of total inorganic nitrogen concentra-
tion was recorded one month after installation of the wet-
land. Such low nutrient concentrations in the outlet water
indicate that nearly all the ammonium that was nitrified in the
wetland may have subsequently been denitrified and lost
from the system as gaseous N2 or N2O as described by
Gersberg et al. (1986) or converted to biomass. There is no
evidence that it was accumulated as nitrate as there is no
increase in nitrate in the wetland as found for mature wet-
lands (Koottatep and Polprasert 1997).
No significant correlation was found between ammonium
Du Toit and Campbell
Figure 4: Total inorganic nitrogen concentrations of water sampled
before and after flowing through an artificial wetland at the inlet of a
solar saltworks (n = 5, bars represent + 1 S.E.)
Figure 5: Phosphate concentrations of water sampled before and
after flowing through an artificial wetland at the inlet of a solar salt-
works (n = 5, bars represent + 1 S.E.)
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and phosphate concentrations (P=0.3; d.f. = 8) or between
nitrate and phosphate (P=0.8; d.f. = 8) in inlet water. This is
most likely due to the nutrients coming from different
sources. The system is polluted both by wash water con-
taining commercial washing powder (high phosphate con-
centration) and discharge of sewage (high ammonium and
nitrate concentrations).
Phosphate concentrations of outlet water were consistent-
ly below 4μM: reducing the concentrations by more than
50% in five of the samples (Table 1). When phosphate con-
centrations of incoming water were particularly high, large
reductions occurred within the wetland (e.g. 86% and 89%
on 10 April and 9 June respectively; Table 1). The resultant
supply of water with homogeneously low phosphate con-
centration would be of benefit to the saltworks and reduce
the incidence of undesirable algal blooms (Du Toit 2001).
Several advantages of aquatic plant-based treatment sys-
tems, compared to conventional treatment systems, are
their low construction and operating costs, low energy
requirements, and easy maintenance. Once established,
wetlands do not need the continuous mechanical and ener-
gy demands required by automated systems. Constructed
wetlands may also be used as wildlife refuges and general-
ly enhance the aesthetic appeal of an area. A variety of wet-
land birds, including curlew sandpipers, turnstones, grey
plovers and Cape wagtails have been found on the wetland.
The results from this study demonstrate that a halotolerant
wetland could be used successfully to ameliorate nutrient
loading in solar saltworks. In the system investigated here, a
wetland of 4ha would be sufficient to reduce nutrient con-
centrations in the inlet water to acceptable levels. In a sys-
tem covering 200ha, converting 4ha to an artificial wetland,
with annual harvesting of half of the area of the wetland is a
practical solution to a nutrient loading problem.
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